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The purpose of the  research was t o  determine the  behavior of 
se lected metals and i n d u s t r i a l  a l loys  i n  carbonaceous gas atmosph- pres 
containing hydrogen. Coiled wire samples of pure i ron ,  cobal t ,  n icke l  
200, Inconel 600, and AISI types 302, 316, and 416 s t a i n l e s s  s t e e l  were 
subjected t o  atmospheres containing pure carbon monoxide, 5 and 1Vo 
hydrogen i n  carbon monoxide, pure methane, and 5% hydrogen i n  methane. 
Specimens were exposed t o  the  various environments a t  temperatures 
ranging from 500' t o  9 0 0 ~ ~  f o r  3, period of 20 hours. Previous research 
has shown t h a t  20 hours i s  the  optimum duration of  r e a c t i v i t y  experi- 
ments. I n  addit ion,  l imi ted s tudies  were conducted with atmospheres 
of  pure hydrogen su l f ide  and pure amaonia t o  determine t h e  i nh ib i t i ve  
charac te r i s t i cs  of these gases. 
Results of s tudies  with carbon monoxide and hydrogen-carbon 
monoxide atmospherBes indicated t h a t  i ron ,  cobal t ,  n icke l  200, and 416 
s t a i n l e s s  s t e e l  were more reac t ive  in hydrogen-containing environments 
than i n  pure carbon monoxide; whereas, types 302 and 316 s t a i n l e s s  
showed highest  r e a c t i v i t y  i n  pure carbon monoxide. Inconel 600 
exhibited l e a s t  r e a c t i v i t y  i n  the  1q0 Hz-CO environment. Nickel 0 0 ,  
Inconel 600, and the  300 s e r i e s  s t a in l e s s  s t e e l s  showed the bes t  over- 
a l l  res is tance t o  a t t ack  i n  Hz-CO atmospheres, while i r o n  was t h e  most 
react ive  of  t he  mater ia ls  t e s t ed .  
Studies with pure methane and 5% hydrogen i n  metharle revealed 
t h a t  i r on  reacted s imi la r ly  i n  both pure and mixed atmospheres. Ty-pes 
302 and 316 s t a in l e s s  showed increasing r e a c t i v i t y  with increasing 
0 
temperature above 750 C .  I n  pure methane, 416 s t a in l e s s ,  cobal t ,  and 
Inconel 600 showed low temperature react ion peaks at 700°c, 750°c, and 
0 775 C ,  respectively.  Nickel 200 exhibited r e a c t i v i t y  maxima a t  700'~ 
and 800 '~  i n  5% H2-CH4 and pure CH4, respectively.  Cobalt and 416 
s t a i n l e s s  s t e e l  were, by f a r ,  t he  l e e s t  reac t ive  of a l l  the  mater ia ls  
t es ted  i n  the  hydrocarbon atmospheres, while Inconel 600 showed the  
most r eac t i v i t y .  
From the  r e a c t i v i t y  s tudies  it, was concluded tha t :  (1)  hydrogen 
i n  carbon mnoxide promotes carbon deposition and surface at tack i n  a l l  
the materials  except the 300 s e r i e s  s t a in l e s s  s t e e l s ,  (2)  hydrogen does 
not s i gn i f i c an t l y  a f f ec t  the  r eac t i v i t y  of methane with iron-base a l loys ,  
and (3) the  r e a c t i v i t y  of the  various metals and a l loys  i n  methane 
0 becomes significan5 only a t  temperatures above 650 C ,  the  minimum 
temperature f o r  the  i n i t i a t i o n  of  the thermal decomposition o f  methane 
t o  carbon and hydrogen. 
Pretreatment of  samples with ammonia subs tan t ia l ly  i nh ib i t ed  
carbon deposition f o r  i r o n  and types 302 and 316 s t a in l e s s  s t e e l .  
Samples of i ron ,  cobal t ,  and type 416 s t a in l e s s  s t e e l  p re t rea ted  with 
hydrogen su l f ide  e:chibi t ed  improved r e s i  stance t o  de te r io ra t ion  com- 
pared t o  samples wi-th no pretreatment. 
Scanning e lect ron micrographs (SEM) of  surface deposits  revealed 
d i s t i n c t  structural .  differences among samples reacted i n  carbon monoxide 
and, methane environments. Optical  microscopy provided information 
about the  chemical composition and. d i s t r i bu t i on  i n  se lected samples. 
C W T E K  I 
INTRODUCTION 
The deter iora t ion of metals and a l loys  a t  elevated temperatures 
i n  carbonaceous environments i s  commonly known a s  metal dusting. 
Perhaps the princi:pal reason for  the  recent emphasis on metal dusting 
research l i e s  i n  i t s  dele ter ious  e f f ec t s  on ex i s t ing  o r  po t en t i a l  
i n d u s t r i a l  processes (1) .  Certain hydrocarbon syntheses a r e  subject  t o  
carbon deposition with subsequent blcckage of  the react ion vesse l  and 
deactivation o r  d is integrat ion of the ca ta lys t s .  For example, a p l an t  
designed t o  convert coal  t o  gasoline and various other  petrochemicals 
experienced severe metal de te r io ra t ion  i n  atmospheres containing 
carbon dioxide and hydrogen. Nuclear reac tors  with graphite moderators 
using carbon dioxide coolants may experience carbon monoxide formation 
i n  the high temperature reactor  zone and carbon monoxide decomposition 
to carbon i n  the low temperature zone. 
The commercial u t i l i t y  of  the  carbon deposition react ion was 
shown during World War I1 when the Germans used the react ion t o  produce 
a subs t i tu te  fo r  carbon black ( 2 ) .  Szveral patents  have been awarded 
fo r  processes involving the decomposition o f  carbon monoxide. A French 
patent  describes the  production of  carbon i n  a fal l ing-bed reactor  
using a f i n e l y  divided i ron  ca t a ly s t  (1,3).  A more recent United S ta tes  
patent  concerns apparatus fo r  the production of carbon black under 
spec ia l  conditions i n  the  absence of  a meta l l i c  c a t a ly s t  ( 4 ) .  
Carbon monoxide and hydrocarbon atmospheres have been extensively 
studied with respect  t o  t h e i r  e f f ec t s  on ferrous and non-ferrous 
materials  commonly used i n  i n d u s t r i a l  processes, but the f i r s t  compre- 
hensive attempt t o  evaluate metal dusting wastage came i n  1959 when the  
National Association of Corrosion Engineers devoted an e n t i r e  session t o  
the deter iora t ion reactions i n  carbonaceous environments ( 5). 
To analyze the de te r io ra t ion  e f fec t ive ly ,  i t  was expedient t o  
limit the  var iables  i n  the  metal dusting system. Therefore, previous 
basic research ha:: dea l t  pr imari ly  with pure metals i n  pure carbon 
monoxide o r  hydrocarbon environments. A l og i ca l  extension of t h i s  work 
i s  t o  inves t iga te  t h e  e f f ec t s  of a l loying elements on the  react ion o r  
t o  determine the  changes i n  react ion charac te r i s t i cs  caused by mixed 
gases. The presence of hydrogen i n  carbon monoxide and hydrocarbon 
systems i s  so common t h a t  an evaluation of i t s  e f f ec t s  on t he  metal 
dusting react ion should prove t o  be of considerable p r a c t i c a l  importance. 
This study w i l l  be an attempt t o  determine the e f f ec t s  of hydrogen on 
t h e  dusting cha rac t e r i s t i c s  of some comercially-important metals and 
a l loys  i n  carbon nzonoxide and methane environments. 

cementite i s  l e s s  s tab le  than the  i ron  ( 9 ) .  This regenerative e f f ec t  
of hydrogen has keen confirmed by several  invest igators  (8,9,10).  
Furthemore,  hydrogen i s  commonly used t o  reduce oxides i n  ca ta lys t  
preparation.  
Westerman (11) studied the  mechanism and k ine t i c s  of i ron  
deter iora t ion i n  carbon monoxide. I ron wire sarqles  experienced 
0 maximum weight gains a t  about 570 C .  Reactivity decreased t o  a minimum 
a t  710'~ end a gradual increase i n  react ion was noted with increasing 
temperature from 710'~ to  1 0 0 0 ~ ~ .  The mechanism postulated f o r  carbon 
monoxide decomposition i n  the  alpha-iron region w a s  a s  follows: (1) 
adsorption of carbon monoxide on f e r r i t e ,  (2 )  Boudouard react ion 
(PCO -. C02 + C )  re leas ing carbon, (3)  formation of cementite, and 
(4 )  decomposition of cementite t o  i ron  and graphite.  
Walker, e t  a l .  ( l ) ,  s tudied carbon formation from carbon 
monoxide-hydrogen mixtures over i r on  ca t a ly s t s .  Results indicated 
t ha t  f o r  gas mixtures containing l e s s  than 40 per cent hydrogen, 
extraneous react ions  producing methane have r e l a t i v e l y  l i t t l e  e f f e c t  
on the t r ue  p ic tu re  of  carbon deposit ion.  The temperature a t  which 
the maximum r a t e  of carbon deposition occurred increased with 
increasing hydrogen content. Furthermore, increasing hydrogen content 
was found t o  markedly increase the amount of carbon which could be 
formed from a given ca ta lys t  weight. 
Hofer ( 1 2 )  invest igated the  formation of f r e e  carbon over a 
cobalt-thoria-kieselguhr ca t a ly s t .  It w a s  proposed t ha t  carbon forma- 
t i o n  over cobalt  follows two rou tes ,  namely, a surface process, and 
a process involving a carbide intermediate. This r e s u l t  was based on 
s tud ies  of two ca-talyst  speci,mens , i den t i ca l  except t ha t  the  cobalt  i n  
one had been converted t o  Co C by cxrburization with carbon monoxide. 2 
Car'bon deposition was i n i t i a l l y  twenty times f a s t e r  on the meta l l i c  
ca ta lys t  than on the  carbided ca t a ly s t .  During carbur izat icn fne r a t e  
of carbon deposition on the metal l ic  ca.talyst decreased considerably, 
whereas the  r a t e  on the  carbided. ca ta lys t  remined  constant ,  It was 
concluded t ha t  the  carbide inhibi. t e d .  the  d.eposi t i on  of carbon simi.lar 
to  the carbide of i r on ,  but unlike i ron carbide, cobalt car'bi de was 
considered p a r t i a l l y  act ive  t o  carbon formation. 
I ron  and cabal t  appear t o  ac t ive ly  promote carbon ,mnoxi.de 
decomposition and follow bas ica l ly  si.milar reac t i sn  mechanisms. i r o n ,  
however, eqer-iences considerably more carbon deposition than coba l t .  
Reaction of Carbonaceous Gases with S ta in less  S tee l s  
Hoyt and Caughey (13) studied t he  e f f ec t s  of gases containing 
carbon monoxide and hydrogen on s t a in l e s s  s t e e l s .  Gases containing 
from 12 t o  2% carbon monoxide were found t o  a t t ack  type 310 s t a in l e s s  
s t e e l  at about 1200'~. The severe ; ~ i t ; t i n g  and metal l o s s  observed w a s  
a t t r i bu t ed  pr inc ipa l ly  t o  carburization.  Chemically ac t ive  carbon 
formed by the  decomposition of carbon monoxide combined with the  metal 
t o  form a carbide which could be l i f t e d  from the  surface by carbon 
deposits  and transported i n to  the  gas stream. 
Segraves ( 14) invest igated the  corrosive e f f ec t s  of car'bon 
0 0 monoxide on 304 s t a i n l e s s  s t e e l  from 920 t o  1100 F a t  atmospheric 
pressure and for  times ranging from 4 t o  12C hours. His experiments 
showed a temperature dependency from 900' t c  1 1 0 0 ~ ~  fo r  16-how 
exposures to  carbon monoxide. Analyses of surface deposits  were incon- 
c lus ive .  Segraves concluded t ha t  the  react ion of 304 s t a i n l e s s  s t e e l  
with carbon monoxide was t e q e r a t u r e  dependent, t ha t  most react ion 
occurred above 1 0 2 0 ~ ~ ~  and f i n a l l y  t ha t  i n  polycrysta l l ine  304 s t a in l e s s ,  
gra in  boundary a t t ack  l ed  t o  local ized f a i l u r e .  
Ph i l l i p s ,  e t  a,. (15), found t h a t  the f a i l u r e  of 304 s t a in l e s s  
s t e e l  tubes i n  a butadiene cracking operation occurred by .metal dusting 
phenomena. The tubes exhibited severe carburization and p i t t i n g  with 
a uniform surface a t t ack .  Low su l fu r  concentrations, up t o  about 0 . 5 % ~  
showed good i nh ib i t i ve  cha rac t e r i s t i c s .  Carbon disu l f ide ,  mercaptans , 
and f r e e  su l fu r  were the chief for.ms present .  
Burns (16) reported severe corrosion i n  a system containing low 
sulfur  crude. Although the deter iora t ion was a t t r i bu t ed  t o  i r on  su l -  
f i de ,  the presence of carbon deposits  afforded the p o s s i b i l i t y  of 
metal dusting. Merri ck (17) reported tha t  ce r ta in  nickel-chromium 
s t e e l s  experienced heavy p i t t i n g  above 750'~. I n  t h i s  ins tance the  
sulfur  present did not a f f ec t  the  corrosion r a t e  of type 309 s t a in l e s s  
s t e e l .  I n  m r e  general  investigatiorls  of iron-nickel-chromium a l loys  
i n  atmospheres containing CO, C02 ,  H2, and H20, several  forms of a t t ack  
were found (18). Heavy carbon deposit ion,  i n t e r n a l  oxidation,  and 
severe p i t t i n g  have a l l  been observed.. Hubbel (19) a l so  found t ha t  
ce r ta in  s t a in l e s s  s t e e l  a i r c r a f t  exhaust manifolds experienced carbon 
monoxide a t t ack  at elevated temperatures. 
P h i l l i p s  Pe.troleum Company (20) t es ted  various s t a in l e s s  s t e e l s  
i n  an e f f o r t  t o  a1:Leviate corrosion problems i n  the  production of 
butenes by c a t a l y t i c  dehydrogenation of butane. The following types 
of s t e e l s  were t e s t ed  on plant  sca le  equipment: AISI 302B, 316, 304, 
321, 310, and 347. Of these ,  only types 302B, 310, and 316 gave 
s a t i s f ac to ry  r e s d t s ;  e.g.,  operated without plugging the  reactor  with 
react ion products. Type 316 yielded the g rea tes t  amount of carbon 
formation of the  mater ia ls  t e s t ed .  
I n  summary, s t a in l e s s  s t e e l s  show various types of de te r io ra t ion  
i n  carbonaceous gases,although the  a t t ack  i s  usual ly  of smaller mag- 
nitude than fo r  i r o n  and cobal t .  The react ion of carbon-bearing gases 
with s t a in l e s s  s t e e l s  i s  o f ten  characterized by i n t e r n a l  carburization 
and carbide formation. 
Reaction of Carbonaceous Gases with Nickel-Base Alloys 
Segraves ( 1 4 )  a l so  invest igated the  corrosive tendencies of 
carbon monoxide on pure nickel  and Inconel from 920' t o  1 1 0 0 ~ ~  and 
atmospheric pressure.  Experimental r e s u l t s  were l imi ted,  but de f in i t e  
weight increases  from carbonaceous react ion products were noted. 
Cox (21) found t h a t  pure nickel  did not react  with,  nor catalyze 
the decomposition of -carbon monoxide at  1200 '~  f o r  react ion times up 
to  45 minutes. Nickel oxide was reduced t o  pure n icke l  by carbon 
0 
monoxide a t  1200 F without accompanjring react ions .  Pure nickel  
obtained from reduction by carbon monoxide did not catalyze the  decom- 
posi t ion react ion,  hut n ickel  obtained from reduction by hydrogen did. 
The explanation offered f o r  these phenomena was t h a t  hydrogen absorbed 
on the  nickel  c r y s t a l l i t e s  reduced the  carbon monoxide. 
Kehrer and Leidheiser (22) invest igated the  decomposition of car-  
bon monoxide catalyzed by nickel  s ingle  c ry s t a l s .  Regions surrounding 
the  (111) faces of  the c ry s t a l s  were found to  be the most ac t ive  
c a t a l y t i c  a reas .  X-ray d i f f r ac t i on  =and che,mi ca,l analys is  confirmed 
the presence of n icke l  and carbon i n  the surface deposi ts .  I n  addi t ion,  
Grenga (23) used e lec t ron  microscopy t o  show t h a t  the order of decreasing 
regions of a c t i v i t y  on th in  f i lms f o r  t he  decomposition react ion was 
(111) > (110) > (100). 
Skinner and Raudebaugh (24) subjected a number of  metals t o  
carbon monoxide from 1 0 0 0 ~  t o  1 2 0 0 ~ ~ .  Annealed s t r i p s  o f  Inconel  and 
I n c ~ l o y  were exposed t o  CO f o r  70 hours, 'but the experiments f a i l e d  t o  
show any carbonaceous deposi ts ,  ne i the r  i n  the react ion zone,nor on the 
surface of the metal specimens. I n  addit ion,  specimens of Inconel and 
0 Incoloy were simultaneously exposed with gray i ron  a t  1050 F i n  an 
attempt t o  induce react ion i n  t,he previously unaffected mater ia ls .  
Neither of  the  samples w a s  at tacked.  
Nickel-base a l loys  promote appreciable carbon deposit ion only 
a t  temperatures considerably ab0l~e those where ferrous a l loys  experience 
maximum deposit ion.  Furthermore, the react ion of CO wi th  n icke l  i s  
found t o  be a se lec t ive  process involving decomposition of CO on cer-  
t a i n  crys ta l lographic  regions.  
Survey of the Effects  of Carbonaceous Gases cn Metals and Alloys 
From . tes ts  on numerous s t e e l s  and i n d u s t r i a l  a l loys ,  i t a'ppears 
t ha t  the mater ia ls  ,most r e s i s t a n t  to  dusting a r e  those most r e s i s t a n t  
t o  carburization (25), i . e . , nickel ,  monel , o r  Znconel. Chromium-con- 
ta in ing s t e e l s  exhibi t  su f f i c i e c t  res is tance  f o r  s a t i s f ac to ry  operation 
under c e r t a i n  conditions i n  the :pet;rol?bm indust ry .  S i l i con  and 
molybdenum increase the dusting resistance of the 18-8 ty-pes or 
stainless steels (26). 
Segraves (14) summarized the work of Baukloh and Hieber (27) 
who studied the catalytic activity of numerous materials in carbon 
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It has also been shown that small amounts of hydrogen in methane 
significantly affected the reacti.vit;y of cert;ain commercial alloys (28). 
Inconel and hastellcy, for example, show lower temperatures of m a x i m  
reactivity and less carbon deposition and carburization when exposed 
to a methane -1.7 per cent; hydrogen atmosphere. This small percentage 
of hydrogen does not appear to affect the reaction of methane with 
ty-pes 302 or 304 stainless steel and Incoloy 800. 
Hydrogen in carbon monoxide (CO - 1-92 per cent H ) appears to 
2 
raise the temperature cf maximum reactivity of iron and lower the 
temperature for significant reaction in ni.cke1. The reactivity of 
cobalt becomes appreciable at higher temperatures in the gas mixblre 
than in pure carbon monoxide. Three hundred series stainless steels 
exhibi t  r e ac t i v i t y  peaks a t  lower temperatures i n  the  hydrogen-carbon 
monoxide mixture while Inconel 600 shows an increase  i n  r eac t i v i t y  at 
higher temperatures (29). 
Thus, the extent of de te r io ra t ion  i s  af fected by several  fac to rs  
including a l l oy  and gas compositions, and the temperature of react ion.  
This study w i l l  Ice an attempt t o  evgluate the  e f f e c t s  of a l loying 
elements and mixed gases on the metal dusting reactions at various 
temperatures. 
Inh ib i to rs  t o  the Reaction of Metals and Alloys with Carbonaceous Gases 
Several processes, stemming Prom cos t ly  i n d u s t r i a l  experiences, 
have been developed to i nh ib i t  the  harmful e f f ec t s  of the metal dusting 
react ions .  The s t e e l  industry  has long been plagued with problems 
a r i s i ng  from carbon formation. As ea r ly  a s  1876 Patt inson (30) sug- 
gested t ha t  small quan t i t i es  of i r on  embedded i n  the  furnace br ick  
catalyzed carbon deposition which silbsequently dis integrated the  f i r e -  
b r ick .  Shea ( 31) showed tha t  b l a s t  furnace bricks could be protected 
against  carbon monoxide a t t ack  by treatment with su l fu r i c  acid ,  
ammonium and aluminum su l fa tes ,  and hydrogen su l f ide  gas.  Various 
other compounds containing s u l f i r  and chlorine were a l so  found t o  be 
e f fec t ive .  
Burns ( 16) used ammonia i n j ec t i on  t o  neu t ra l i ze  the  corrosive 
elements i n  the  furnace tubes of a  fisti illation un i t  processing low 
su l fur  crude o i l .  Selected nitrogen compounds such a s  cyanogen have 
a l so  been shown t o  r e t a rd  the carbon deposition (32,33). 
Hochman ( 34) described a method whereby a 25% chromium s t e e l  
showed i,mproved metal dusting res is tance i n  an atmosphere of methane 
and hydrogen a f t ~ r  pretreatment with a low p a r t i a l  pressure of oxygen. 
The improved corrosion res i s tance  was a t t r i bu t ed  t o  the  formation of 
an oxide whi ch was thermodynamica11;~- s t ab l e  t o  a t t ack  by the carbona- 
ceous environment. Preoxidation of a l l oys  containing s i l i con  and 
aluminum have shown si.milar favorable r e s u l t s .  
The petrol-eum industry  has been c l a s s i ca l l y  concerned with the 
problems of metal dusting. Equipment for  processing crude o i l  i s  most 
susceptible t o  the decomposition react ions .  Sulfur i n  the crude has 
been i d e n t i f i e d  as a p r i n c i p a l  f a c t o r  i n  the  corrosion process,  bu t  
su l fu r  content alone i s  not an accurate indicat ion of the corrosion 
po t en t i a l .  
Furnace tubes of 18-8 type s t a in l e s s  s t e e l s  have been success- 
f u l l y  used i n  high temperature petroleum cracking operations,  although 
the  tubes were exposed t o  extremely corrosive environments. Camp, 
e t  a l .  (15), however, discussed a unique case of severe hydrocarbon- 
s ide  corrosion of 18-8 s t a in l e s s  furnace tubes. The a t t ack  occurred 
i n  a superheater furnace where naptha was cracked i n  the  vapor phase 
fo r  production of butadiene. Tests t o  determine the  e f f ec t s  of various 
su l fu r  compounds on the tendency of' the  naptha t o  corrode the 18-8 
a l l oy  i n  the temperature range 1300' t o  1500 '~  showed tha t  the addi t ion 
of su l fu r  (as  f r e e  su l fu r ,  butyl  mercaptan, o r  carbon d i su l f ide  ) 
e f f ec t i ve ly  eliminated the corrosicn.  Results a l so  indicated t ha t  
amounts lower than 0.05% su l fur  markedly reduced corrosion,  but t ha t  
more consistent  e f f ec t s  were possible upon addi t ions  of 0.05% and 
higher of su l fu r .  
Additions o f  water i n  amounts ranging from 0.06 to  0.476 were 
a l s o  found t o  el iminate the  corrosion.  Larger addi t ions  of  water were 
not detr imental ,  but  were necessary. Further.mre,  water was found t o  
s u b s t a n t i a l l y  reduce the tendency of  the furnace tubes t o  coke. Under 
o the r  condit ions,  however, researchers  (35) have found t h a t  water may 
acce le ra te  t h e  corrosion process.  F -x the r  t e s t s  by C a m p ,  e t  a l . ,  (15) 
ind ica ted  t h a t  carbon dioxide, ethanol ,  a c e t i c  ac id ,  hydrogen s u l f i d e ,  
and su l fu r  dioxide were s a t i s f a c t o r y  i n h i b i t o r s  f o r  t h e  p a r t i c u l a r  
type of corrosion experienced i n  the  cracking operat ion.  
Hence, numerous techniques a r e  avai lable  t o  a l l e v i a t e  metal 
dust ing wastage wi. t h  the  d e s i r a b i l i t y  of any given i n h i b i t o r  determined 
by the  c h a r a c t e r i s t i c s  o f  t h e  p a r t i c u l a r  system under considerat ion.  
Ammonia i n j e c t i o n ,  f o r  example, would be a poor choice for  el imination 
of  corrosion i n  a system containing copper. 
EXPEFCDBNTAZ, APPARAI(TUS AND PROCEDW 
Material 
To determine the  r e a c t i v i t i e s  of  typical  i n d u s t r i a l  metals and 
a l loys  i n  the carbonaceous environments, the following mater ia ls  were 
used: pure i r on ,  pure cobalt ,  nickel  200, 302 s t a in l e s s  s t e e l ,  316 
s t a in l e s s  s t e e l ,  416 s t a in l e s s  s t e e l ,  and Inconel 600. Reaction gas 
atmospheres used included pure carbon monoxide, 5% hydrogen i n  carbon 
monoxide, 1% hydrogen i n  carbon monoxide, pure methane, and 5% 
hydrogen i n  methane. Physical and chemical cha rac t e r i s t i c s  of a l l  the 
materials  used i n  the  study appear i n  Tables 8, 9, and 10 of Appendix A .  
I n  addit ion,  pure hydrogen su l f ide  and pure ammonia were used t n  
p re t rea t  samples subsequently reacted i n  pure carbon monoxide. 
Sample Prelparation 
All specimens used f o r  the  r e a c t i v i t y  s tudies  were i n  the  form 
2 o f  wire c o i l s  of 10 cm surface area .  Other physical  cha rac t e r i s t i c s  
of the wires a r e  given i n  Table 8 of Appendix A. The samples were 
prepared by winding a precut length of wire around a t e f lon  mandrel of 
0.25" diameter. After  coi l ing,  the  specimens were cleaned i n  tri- 
chloroethylene p r io r  t o  i n i t i a l  weighing. 
Standard metallographic procedure was used t o  prepare samples 
fo r  op t i ca l  microscopy. No specia l  preparation was required f o r  
examination of surface react ion products with the  scanning e lect ron 
microscope (SEM) . 
Apparatus 
The pr inc ipa l  experimental equipment used included the  following: 
(1)  Lindberg hor izontal  tube furnace; 2" diameter; 
range: 0 - 1 3 0 0 ~ ~ ;  Controller  with p l a t i n e l  No. 
thermocouple 
(2) Quartz g lass  f'urnace tube; 2" diameter x 3' long 
with appropriate pyrex ends 
(3) Seven 9/16" diameter x 4" long quartz g lass  
react ion tubes forming a hexagonal c l u s t e r  
(4) 'I'wo Brooks-mite purge meters; model 2001-V; 
range: 0 - 0.08 scfh  
(5)  Airco rotameter; model 09-1021 
Figures 1 and 2 show the  experimental apparatus and react ion 
tube c lu s t e r ,  respectively.  The c l u s t e r  was designed t o  insure  uniform 
gas flow over the specimens and t o  allow the  seven specimens t o  be 
posit ioned equidistant  from the  gas i n l e t  of t he  f'urnace. 
Procedure -
The r e a c t i v i t i e s  of  the  seven mater ia ls  t e s t ed  were determined 
by gravimetric methods. After  cut t ing,  coi l ing,  and cleaning, the  
seven materials  were individual ly  weighed on a Mettler  balance, si.mul- 
taneously subjected t o  t h e  gas atmospheres i n  separate react ion tubes, 
and reweighed. The weight change of  a pa r t i cu l a r  mater ia l ,  including 
carbon deposits ,  a f t e r  exposure t o  t he  carbonaceous atmosphere f o r  a 
period of 20 hours was considered ind ica t ive  o f  i t s  r e ac t i v i t y .  




CHAPTER I V  
DISCUSSION OF RESULTS 
The r e su l t s  of t he  de te r io ra t ion  s tudies  can be best  considered. 
by dividing the  experimental work i n t o  th ree  general  categories,  namely, 
carbon monoxide-hydrogen, methane-hydrogen, and i nh ib i t o r s .  The r e s u l t s  
of experiments performed i n  carbon monoxide-hydrogen atmospheres w i l l  be 
considered f i r s t .  
Carbon Monoxide -Hydrogen Mixtures 
Reactivity Studies 
An example of  t he  r e a c t i v i t y  experienced i n  the  CO-H2 gas system 
appears i n  F'igure 3. The f igure  shows a comparison of  reacted and 
unreacted i r on  samples. The specimen was reacted i n  5% H2-CO a t  550'~ 
f o r  20 hours and experienced extensive carbon deposit ion.  The r e l a t i v e  
r e a c t i v i t i e s  of the  seven mater ia ls  :in 5% H2-CO a r e  shown i n  F'igure 4. 
I ron,  cobal t ,  and 416 s t a in l e s s  s t e e l  exhibited considerably more 
deposition than n icke l  200, Inconel 600, and t he  300 s e r i e s  s t a i n l e s s  
s t e e l s .  A complete summary of the  r e s u l t s  of the  r e a c t i v i t y  s tudies ,  
including t he  r e l a t i v e  r e a c t i v i t i e s  o f  the  mater ia ls  examined, appears i n  
Tables 4 and 5 .  I'revious research ('") has es tabl ished t he  behavior of  
these  mater ia ls  i n  pure carbon monoxide, therefore,  this study dea l t  
primarily with the  e f f ec t s  of hydrog,sn on t h e i r  react ions  i n  carbon 
mnoxide atmospheres. However, experiments were a l so  conducted i n  pure 


CO to  es tab l i sh  a common basis  fo r  comparison between pure and mixed 
at.mspheres . 
The ef fec t  of  hydrogen on the reaction of pure i ron  with carbon 
monoxide i s  shown i n  Figure 5. Iron reacted i n  5% H2-CO showed an 
increase i n  r eac t iv i ty  a t  low temperatures a s  compared to  samples 
reacted i n  pure carbon monoxide. An increase i n  hydrogen content to  
10% H2-CO produced a s ignif icant  decrease i n  r eac t iv i ty  indicat ing t h a t  
the  reaction was being inhibi ted.  
The chemical reactions which may occur i n  carbon deposition 
systems containing C ,  C O Y  C02,  H2, H20, CH4, and Fe appear i n  Table 1. 
It i s  well  established, however, t h a t  the reactions which must be 
considered reduce t o  t he  following: 
2 FeO 
+ H2 
2 Fe 0 + 4~~ 
3 4 
FeO + CO 
* F ~ ~ o ~  + C O  
f C02 + C (~oudouard react ion)  
(6)  c o +  H * H ~ O  + c 
(7) CO * H20 t C02 + H2 (water-gas s h i f t )  
Carbide formation equi l ib r ia  need not be considered since the 
carbide represents an intermediate and must always ex i s t  i f  f r e e  carbon 
i s  produced ( 6  ). If reactions involving methane a re  taken i n t o  account, 
t h e i r  e f fec t s  on the equilibrium a r e  negligible;  hence, the reactions 




O PURE CO 
0 5% H2 -CO 
A 10% H2 -CO 
Figure 5 .  The React iv i ty  of Pure I r o n  i n  Pure CO,  
576 Hz-CO, and 10% q - C O  Environments. 
Table 1. Chemical Reactions and Equi l ib r ia  i n  the 
Carbon Deposition Sys tern 
Reaction Equilibrium Relationships 
F e +  H20 * FeO 
3 F e + 4 ~ ~ 0  * F e O  3 4 + 4 ~ ~  
FeO * CO 
Fe 0 .t 4c0 3 4 
* F e C  + C02 3 
3Fe 3- CH4 s F e C  +2H2 3 
through (7) above. Equilibrium data  f o r  the  react ions  appear i n  Table 
2 .  
For low hydrogen concentrations it i s  proposed t ha t  t he  Boudouard 
react ion,  @a), predominates. I f  the  metal,  not the  carbide,  i s  the  
ca t a ly s t ,  then any. process creat ing i r on  surface a rea  should increase  
the  r eac t i v i t y .  Hydrogen and cementite, Fe C ,  a re  known t o  reac t  a s  
3 
Thus, the  presence of hydrogen allows regeneration of the  base 
metal and r e s u l t s  i n  increased c a t a l y t i c  surface and more r eac t i v i t y .  
As the  concentration of  hydrogen i n  t h e  system i s  increased,  a l t e rna t e  
react ions  appear t o  become important. I n  addi t ion t o  reaction &a), the  
fcllowing react ions  may occur: 
Everett  ( 6 ) suggests t h a t  both react ions  (4a) and (6a) contr ibute  
t o  the  formation of carbon dioxide i n  the  presence of  high concentrations 
of hydrogen: 
( 4 4  2CO s co2 + C 
(6a) co + 50 2 C O ~  + H~ 
Furthermore, Table 3 shows t h a t  t he  production of C02 i s  not influenced 
Table 2. Carbon Depositiorl Equilibrium Constants 
F~/F~o/F~,o~ Carbon Oxidation Water Shift 
P 
Tempera- Tempera- H2 




2 .123 0.01029 
1 974 0.07215 
1.861 0.3343 





















































by H, u n t i l  the H, concentrat ion beco.mes q u i t e  high.  Therefore, the  
c- I- 
p r o d u c t t c ~  of C02 a t  low H, concentrat ions can be a t t r i b u t e d  t o  r eac t ion  
L 
and not to the r eac t ion  sequence 
( ? a )  CO + H2 
(6a) CO * H20 2 CO + It, 
2 
Table 3 .  Ef fec t  o f  H2 on Production o f  C02 a t  5 5 0 ~ ~  (6)  
CO yatm H patm H20 yatm 2 C02 vatm 
- -- 
I 0  , COO 
Bot;h water and carbon dioxide may oxidize  i r o n ,  but  water does 
so more r e a d i l y  i n  the  temperature range i n  ques t ion .  Thus, i f  i r o ~  i 
oxidized,  water i s  more l i k e l y  t o  be the oxidiz ing agent than carbon 
diox.ide. Since inc reas ing  concentrat ions o f  hydrogen tend t o  i n h i b i  t 
carbon depcsl tiorl and favor water production, i t  i s  probable t h a t  water 
p lays  a r o l s  i n  the  decreased r e a c t i v i t y .  
I ron  oxide i n  the  form FeO may e x i s t  a t  temperatures a s  low a s  
5 6 0 ~ ~  ( r 7) .  Therefore, the  p o s s i b i l i t y  of  the  fol lowing reac t ion  
ex i s t s  a t  metal dusting temperatures: 
(la) Fe + H20 2 FeO + H2 
Assuming t ha t  Fe metal i s  the ca t a ly s t ,  reaction (la) a l so  tends t o  
decrease ca t a ly t i c  surface and, hence, decrease r eac t i v i t y .  
I n  summary, f o r  i r o n  i n  hydrogen-carbon monoxide atmospheres 
i t  appears t h a t  increas ing hydrogen concentration favors water pro- 
duction which, i n  turn ,  favors reduction of c a t a ly t i c  surface area  by 
oxidation of the i r on .  The hydrogen i s  no longer capable of regen- 
e ra t ion  of the Fe metal and reac t iv i5y  decreases. 
Figure 6  shows the  var ia t ion  of r e a c t i v i t y  with temperature f o r  
pure cobalt  i n  atmospheres containing hydrogen. The r e a c t t v i t y  of cobalt  
was similar  to  i r on ,  suggesting t ha t  similar mechanisms prevai led.  It 
has been shown tha t  carbon formation on cobal t ,  a s  on i r on ,  involves a 
carbide intermediate (9, l2) .  The presence of hydrogen de f in i t e ly  
increased r eac t i v i t y ,  while an increase  i n  hydrogen content from 5% t o  
1% i n  CO appeared to r e t a rd  the react ion.  As with i r on ,  increasing 
temperature favored decreasing reactfivi t y  . 
The r eac t i v i t y  of n ickel  200 i s  shown i n  Figure 7. Results were 
consistent  with those of e a r l i e r  researchers (29) who found t h a t  nickel- 
base a l loys  show increas ing r e a c t i v i t y  with increasing temperature. 
Reactivity a l so  increased with increasing hydrogen content. A r e a c t i v i t y  
peak was noted a t  about 625 '~  fo r  a  5% H2-CO mixture. Former researchers 
(89) found a  peak at  about 775 '~  f o r  a  1.92% H2-CO mixture. I n su f f i -  
c ien t  data were avai lable  to  confirm a  low temperature peak f o r  the  1% 
H -CO atmosphere. 
2  
PURE COBALT 
0 PURE CO 
0 5% H2 -CO 
A 10% HZ -CO 
500 550 600 650 700 750 800 850 
TEMPERATURE, "C 
Figure 6 .  The Reactivity of Pure Cobalt in Pure COY 
5% H2-COY and 10% H2-CO Environments . 
NICKEL 200 
1 PURE CO 
0 5% Hz -CO 
A 10% HZ -CO 
TEMPERATURE. OC 
Figure 7.  The Reactivity of Nickel 200 i n  Pure CO, 
5% Hz-CO, and 10% $-CO Environments. 
Figures 8 and 9 show the behavior of ty-pes 302 and 316 s t a in l e s s  
s t e e l s ,  respect ively ,  i n  H -CO environments. I n  general ,  the iron-base 2 
a l l oys  reacted s imi la r ly  t o  i ron ,  but the nickel  present i n  the 300 
s e r i e s  sh i f t ed  the r eac t i v i t y  maxima t o  a higher teqperature than the 
temperature of maxi.mum r e a c t i v i t y  f o r  i r on .  Both t m e s  of s t a in l e s s  
s t e e l s  exhibited r e a c t i v i t y  peaks at  about 650 '~  f o r  pure CO and 5% 
H -CO atmospheres. Increasing the  hydrogen content t o  1% H2 i n  CO 
2 
subs tan t ia l ly  reduced r eac t i v i t y .  Type 316 was s l i g h t l y  more reac t ive  
than type 302 i n  pure CO at 650'~. The presence of 2-39 molybdenum i n  
type 316 resulting in the formation o f  molybdenum carbides was probably 
responsible f o r  t h i s  var ia t ion  i n  r ecc t i v i t y .  
The r eac t i v i t y  of type 416 s t a in l e s s  s t e e l  i s  shown i n  Figure 
10. Signif icant  r eac t i v i t y  was found only i n  the temperature range 550- 
60o0c, and a react ion peak was found a t  5 5 0 ~ ~ .  The low temperature 
r e a c t i v i t y  was a t t r i bu t ed  to the absence of nickel  i n  type 416 
s t a i n l e s s .  Nickel was found to  promote high temperature r eac t i v i t y  
and a l l  mater ia ls  containing nickel  showed low r e a c t i v i t i e s  i n  the 
t e , q e r a t u r e  range where type 416 showed maximum reac t i v i t y .  
Reactivity charac te r i s  t i c s  of Inconel 600 a re  shown i n  Figure 
11. Maximum r e a c t i v i t y  w a s  found a t  750'~ f o r  pure CO and i n  the 
range 675 '~  to  775''~ fo r  the  5% Hz-CO mixture. Insuf f ic ien t  data were 
avai lable  fo r  s ign i f ican t  conclusions f o r  the 10$ H2-CO mixtures, but 
r e a c t i v i t i  es tende d to  be lower than fo r  the 5% Hz-CO atmosphere. As 
expected, Inconel 600 (75% nickel  ) exhibited r e a c t i v i t y  s imilar  to  
nickel  200. 
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Figure 8. The Reactivity of 302 Stainless Steel i n  Pure CO, 
5% H2-CO, and 10% H2-CO Environments. 
Figure 9. The Reactivity of 316 Stainless S tee l  i n  Pure CO, 
5% Hz-CO, and 10% %-CO Environments. 
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Figure 10. The Reactivity of 416 Stainless Steel i n  Pure CO,  
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Figure 11. The Reactivity of Inconel 600 i n  Pure CO, 
5% H2 -CO , and 10% Hz-CO hvironments . 
Surface Reaction Products 
Scanning electron micrographs (sEM) of surface reaction products 
revealed information about the  s t ruc ture  of the carbonaceous deposits .  
Iron and cobalt ,  shown i n  Figures 12 and 13, respectively,  exhibited 
cha rac t e r i s t i c a l l y  bulky, porous products compared t o  the other  
materials .  The s imi l a r i t y  of the  micrographs of i r on  and cobalt sug- 
ges t s  t h a t  very s imilar  reaction mechanisms prevailed during the  
formation of the surface product. It has been shown, f o r  example, t h a t  
the decomposition of CO on both metals proceeds through the  formation 
of an intermediate carbide (9). 
Deposits on nickel  200 ( ~ i g u r e  14)  and Inconel 600 ( ~ i g u r e  15)  
were generally smaller and of more uniform p a r t i c l e  s i ze  than those on 
the  iron-base a l loys .  The 300 se r i e s  s t a in l e s s  s t e e l s ,  shown i n  
Figures 16 and 17, were characterized by filamentary carbon deposits .  
Reaction products on type 316 s t a in l e s s  were a combination of f lakes  
and filaments, whereas type 302 exhibited filaments almost exclusively. 
Type 416 s t a in l e s s  ( ~ i ~ u r e  18) formed a reaction product of roughly 
spher ical  pa r t i c l e s  of uniform s ize  and low porosity.  
Electron dif f ract ion s tudies  of surface deposits on i ron  reacted 
a t  6 0 0 ~ ~  i n  1% H2-CO confirmed the  Fresence of graphite and Fe C ,  but 
3 
f a i l e d  t o  detect  oxides. It i s  l i k e l y  t h a t  oxides were formed and 
reduced by the  hydrogen, since hydrogen i s  used commercially t o  reduce 
oxides i n  ca ta lys t  preparation.  
Optical  Microscopy 
Several samples were examined t o  d e t e d n e  t he  microstructure of 
the  wires a f t e r  exposure t o  the  carbon monoxide-hydrogen atmospheres. 
The purpose of t h i s  invest igat ion was t o  e s t ab l i sh  the  relat ionship 
Figure 1 2 .  Elec t ron  Micrograph o f  Surface Reaction Products  on 
Pure I r o n  Reacted at; 625% i n  5% H2-CO f o r  20 Hours. 
Sample NO. 44 SEM 1 7 8 0 ~  
Figure 13. Elec t ron  Micrograph o f  Surface Reaction Products  on Pure 
Cobalt  Reacted a t  625'6 i n  5% H3-CO f o r  20 Hours. 
Sample NO. 8 SEN 1780~ 
Figure 14. Electron Micrograph of Surface Reaction Products on Nickei 
200 Reacted a t  675 '~  i n  10% H2-CO fo r  20 Hours. 
Sample NO.  33 SEM 1 7 8 0 ~  
Figure 15.  Electron Micrograph of Surface Reaction Products on 
Inconel 600 Reacted a t  775'~ i n  5% Hz-CO f o r  20 Hours. 
Smple  NO. 118 SEM 1 7 8 0 ~  
Figure 16a. Electron Micrograph of Surface Reaction Products on 302 
S ta in less  S t ee l  Reacted. a t  625'~ i n  5% Hz-CO f o r  20 Hours. 
SampleNo. 14 SEM1780~ 
Figure 16b. Electron Micrograph of Surface Reaction Products on 302 
S t a i ~ l l e s s  S t ee l  Reacted a t  625% i n  5% H2-CO f o r  20 Hours. 
Sample NO. 14 sEM 8900X 
Figure 17. Electron Micrograph of Surface Reaction Pxboducts on 316 
Sta inless  Steel  Reacted a t  650 '~  i n  Pure CO fo r  20 Hours. 
Sample No. 176 SEM 1 7 8 0 ~  
Figure 18. Electron Micrograph of Surface Reaction Products on 416 
Stainless  S tee l  Reacted a t  550'~ i n  5% H2-CO for  20 Hours. 
Sample No. 19 SEM 1 7 8 0 ~  
be tween the tnlcros t.ructur.e and the  r e a c t i v i t y  . The samples se lec ted  
f o r  examination exhibi ted  e i t h e r  except ional ly  high o r  low reac t i v i  t i e s  
under .partic?zlar experimental condit ions . 
f igures  19a and b show the  microstructure o i  l r o n  a f t e r  exposure 
to  5% Hz-CO a t  625"~ f o r  20 hours.  The 5% H2-CO atmosphere was found t o  
prom.otc ~naximum r e z c t i v i t y  f o r  i r o n .  Figure 20 shows the  s t r u c t u r e  of  
0 
L con .rt.:acteci i n  pure CC) at, 600 C f o r  20 hours.  The f e r r i t e  g r a i n s  of 
the sample reac ted  i n  t h e  5% Hz-C3 mixture a r e  considerably smaller  than 
the g ra ins  cf the  sample reac ted  i n  pure CO.  I n  add i t ion ,  hydrogen 
appears t o  pro.mc? l;e surface a t t a c k  and g r a p h i t i z a t i o n .  The per iphery  o f  
L ~ E  sam-plc i n  Figure 19a shows extensive d e t e r i o r a t i o n  and carbon 
dzposlti.on, wher,?as .the sample i n  Figure 20 e x h i b i t s  a moderate, uniform 
surface  a t t a c k .  This phenomenon may be a t t r i b u t e d  t o  the  a b i l i t y  o f  
hydrogen t o  convert the  i ron  carbides t o  elemental i r o n ,  thereby 
e q o s i c g  f r e s h  c a t s l y t i c  surface  f o r  the  decomposition of carbon 
m~noxids  . Since t. he decomposition occurs a t  the  gas-.metal i n t e r f a c e ,  
i t  i s  expected t h a t  the  metal surface should experience severe a t t a c k .  
Figures 2 1  .and 22 show the  microstructure o f  samples o f  302 
0 s ta . in less  s t e e l  reac ted  i n  5% H7-CO ~t 6 2 5 ' ~  and 1% Hz-CO a t  600 C ,  - 
respectively-.  Carbides, pa.r t icularly i n  the g ra in  boundaries, a r e  
prevalent  i n  both samples. The sample reacted i n  10% Hz-CO exhibi ted  
ccrs iderably  less  weight gain than the  sample reac ted  i n  5% Hz-CO. 
Since the arnount,s of  i n t e r n a l  carbur iza t ion  appear similar, i t  i s  l i k e l y  
thd t  t h e  different? i n  r e a c t i v i t i e s  i s  a t t r i b u t a b l e  t o  v a r i a t i o n  i n  
arnounLs o f  surfac?  deposi t ion .  Visuzl observation and gravi.metric 
determinatiocs confirmed t h i s  conclusion. 
Figure 19a. The Micros t ruc ture  of  Pure I r o n  Reacted a t  6 2 5 O ~  in 
5% H2-CO f o r  20 H o ~ r s .  ( ~ i t a l )  Sample No. 411 160~ 
Figure lgb .  The Microstructure of  Pure I ron Reacted a t  6 2 5 ' ~  i n  
5% H2 -CO f o r  20 Hours. (Ni t a l  ) Sample No. 44 ~ O O X  
Figure 20.  The Microstructure o f  Pure I ron  Reacted a t  600'~ i n  Pure 
CO f o r  20 Hours. ( ~ i  tal.) Sample No. 122 150X 
Figure 21a. The Microstructure of 302 Sta inless  S t ee l  Reacted a t  625'~ 
i n  5% H2-CO f o r  20 Hours. ( ~ l y c e r e g i a )  Sample No. 14  150X 
Figure 2lb.  The Pilicrostructure of 302 Sta inless  S t ee l  Reacted a t  625'~ 
i n  5% H2-CO f o r  20 Hours. ( ~ l ~ c e r e g i a )  Sample No. 1 4  500X 
Figure 22a. !The Microstructure of 302 Stainless Steel Reacted at 6 0 0 ~ ~  
in 10% Hz-CO for 20 Hours. (~lyceregia) Sapple IJo. 63 130X 
Figure 22b. The Microstructure of 302 Stainless Steel Reacted at 6 0 0 ~ ~  
in 10% H2-CO for 20 Hours. (~l~cere~ia) S mple No. 63  COX 
Methane-Hydrogen MLxtures 
Reactivity Studies 
The r eac t iv i ty  charac te r i s t ics  of pure i ron  i n  pure methane and 
a  5% H2-CH4 mixture a r e  shown i n  Figure 23. Significant differences 
between the two atmospheres were not evident, but the addit ion of 
hydrogen tended to re tard the reaction i n  the temperature range of  
600° t o  750' and accelerate  r eac t iv i ty  above 800'~. These r e su l t s  can 
be best  seen by considering the differences i n  slopes of the s t r a igh t  
portions of the curves f o r  i ron  i n  Figure 23. 
Figure 24 shows the r eac t iv i ty  of pure cobalt  i n  CH and 5% Hz-CH4 4 
environments. Bot'h atmospheres promoted increasing r eac t iv i ty  with 
increasing temperature. The r eac t iv i ty  i n  the 5% H2-CH4 atmosphere was 
generally greater  than i n  pure methane above 800°c, but no s ignif icant  
reaction peaks were noted f o r  e i t he r  environment. 
Nickel 200 i n  pure methane showed a  reaction maximum a t  800'~. 
Reactivity then decreased with increasing temperature. Figure 25 shows 
0 tha t  i n  the 5% Hz-IH4 atmosphere a  reaction peak occurred a t  700 C 
followed by a  decyine i n  react ivi . ty  u.p t o  750'~ where r eac t iv i ty  began 
t o  increase t o  a  m2ximum a t  9 0 0 ~ ~ .  It should be noted tha t  hydrogen 
a l so  promoted s ignif icant  r eac t iv i ty  on nickel 200 i n  carbon monoxide 
atmospheres a t  about 7 0 0 ~ ~ .  Thus:,. the  adsorption of hydrogen probably 
becomes important :in the  temperature range 650° t o  750'~ (36). 
Figures 26 and 27 show the r e a c t i v i t i e s  o f  302 and 316 s t a in l e s s  
s t e e l s ,  respectively,  i n  CH4 and 5% E -C%$ atmospheres. Curves f o r  2  
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Figure 23. The Reactivity of Pure Iron in Pure CH4 
and 5% H2-CH, Environments. 
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Figure 24. The Reactivity of Pure Cobalt i n  Pure 
CH4 a,nd 5% EL2-CH4 Environments. 
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Figure 26. The Reactivity of 302 S ta in less  S t ee l  i n  
Pure CH and 5% H2-CH4 Environments. 4 
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Figure 2 7 .  The Reactivity of 316 Stainless Steel in 
Pure CH4 and 5% %-CH4 Environments. 
both 302 and 316 were e s sen t i a l l y  i den t i ca l ,  ind ica t ing  t ha t  the  s l i gh t  
differences i n  nickel ,  chromium, and molybdenum contents between 302 
and 316 did not markedly a f f ec t  the  r eac t i v i t y .  The only notable 
di f ference between the r e a c t i v i t i e s  i n  pure methane and the  hydrogen- 
methane mixture occurred i n  the temperature range 756' to  850' where 
samples reacted i n  the 5% H -CH mixture showed l e s s  r eac t i v i t y  than 
2 4 
those i n  the  pure IZR environments. 4 
Type 416 s t a in l e s s  s t e e l ,  shown i n  Figure 28, exhibited good 
dusting res is tance.  I n  the range 675' t o  775'~ more r eac t i v i t y  was 
noted f o r  pure methane than for  the 5% H2-CH4 mixture. Above 800 '~  
the  curves nearly coincided with r e a c t i v i t i e s  increasing with increasing 
temperature. 
Reactivity charac te r i s t i cs  of Inconel 600 a re  given i n  Figure 
29. P rac t i c a l l y  no difference w a s  noted between the  pure and mixed 
0 atmospheres except f o r  a higher react ion peak a t  775 C i n  pure CH 4 ' 
Abrupt increases i n  r eac t i v i t y  were found above 850'~ with maximum 
r e a c t i v i t y  a t  900"~ .  
I n  general ,  the nlaterials  t e s t ed  showed s imilar  r eac t i v i  ti es  i n  
both pure CH4 and II -CH4 mixtures. This r e s u l t  suggests t ha t  hydrogen 
2 
plays a minor ro l e  i n  the  react ion mechanism i n  hydrocarbon environments. 
The endothermic thermal decomposition o f  methane t o  carbon and hydrogen 
occurs between 650" and 980 '~  and 10 to 30 psig  ( 36,37). Since chromium, 
molybdenum, titanium, nickel ,  i r on ,  and. cc balt  a re  found t o  ca t a ly t i c a l l y  
promote .maximum hydrogen production, i t  i s  unli.kely t ha t  small amounts 
of hydrogen i n i  t i d - l y  i n  the  system should s i gn i f i c an t l y  a f f e c t  the  
reaction characteri-st i  cs . 
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Figure 28.  The Reactivity of 416 S ta in less  S tee l  i n  
5% %-CHI, end Pure CH4 Environments. 
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Figure 2 9 .  The Reac5ivity of Inconel 600 in Pure 
CH4 and 5% H2-CH4 hvironments. 
Surface Reaction Products 
Smal l  s t r uc tu r a l  differences i n  surface deposits  were noted f o r  
samples reacted i n  methane-hydrogen atmospheres and examined with t he  
scanning e lect ron microscope (SEN). I ron,  302 s t a in l e s s ,  and 316 
s t a in l e s s ,  shown i n  Figures 30, 31, and 32, respect ively ,  exhibited 
spher ical  deposits  of roughly the  same p a r t i c l e  s i z e .  Cobalt ( ~ i g u r e  
33) formed a porous product coqosed  of aggregates of p a r t i c l e s  
s l i g h t l y  l a rger  than those of the  iron-base materials .  Nickel 200, 
shown i n  Figure 34., produced a bulky, f l u f f y  reaction product. Deposits 
on Inconel 600 ( f igure  35) were extremely porous and s l i g h t l y  smaller 
than those on the other  mater ia ls ,  and surface products on 416 s t a in l e s s  
( f igure  36) were characterized by agglomerations of spher ical  p a r t i c l e s  
in terspersed with rod-l ike p l a t e l e t s .  
The basic s imi l a r i t y  of the surface react ion products on the  
materials  reacted i n  the  H2-CH4 atmospheres suggests t h a t  the  chemical 
compositions of tk.e samples ha,d l i t t l e  e f f ec t  on the react ion products 
formed. A l l  of tke rmter ia l s  t es ted  have been shown t o  promote the  
decomposition of methane above 650'~ (36,37) and i t  was found i n  t h i s  
study t h a t  s ign i f ican t  reaction o c c u ~ r e d  only a t  temperatures above 
6 5 0 ~ ~ .  Furthermore, the a b i l i t y  o f  methane t o  polymerize has been 
established i n  the  laboratory (38) and confirmed by mass spectroscopy 
(39). Thus, the  surface products ar2  probably combinations of  carbon 
and hydrocarbons of various chain 1e:ngths. 'Preci se i den t i f i c a t i on  of 
the reaction prodncts was beyond the scope of t h i s  work. 
Figure 30. Electron Kcrograph of  Surface Reaction Products on Pure 
I ron  Reacted a t  9 0 0 ~ ~  in 5% -CH f o r  20 Hours. 
2amp$e No. 295 SEM 1780X 
Figure 31. Elec-tron f ic rograph of  Surface Reaction Products on 302 
S t a i n l e s s  S t e e l  Reacted. a t  9 0 0 ~ ~  i n  Pure CH4 f o r  20 Hours. 
sample NO.  275 SEM 1 7 8 0 ~  
Figure 32. Electron Micrograph of Surface Reaction Products on 316 
S ta in less  S t ee l  Reacted a t  9 0 0 ~ ~  i n  5% H2-CH4 fo r  20 Hours. 
Sample No. 315 SEM 1 7 8 0 ~  
figure 33. Electron Micrograph of  Surface Reaction Products on Pure 
Cobtilt Reacted a t  8 8 0 ~ ~  i n  5% H?-CHI, f o r  20 Hours. 
Saiple  NO. 300 SEM 1780~ 
Figure 34. Electron Micrograph of  Surface Reaction Products on Nickel 
200 Reacted at 8 0 0 ~ ~  i n  Pure CH4 f o r  20 Hours. 
Sample No.  237 SEM 1 7 8 0 ~  
Figure 35. Electron Micrograph of Surface Reaction Products on Inconel 
600 Reacted a t  9 0 0 ~ ~  i n  5% H2-CiI4 f o r  20 Hours. 
Sample No. 325 SEM 1 7 8 0 ~  
Figure 36.  Electron Micrograph of Surface Reaction Products on 416 
Sta in less  S tee l  Reacted a t  9 0 0 ~ ~  i n  Pure CH f o r  20 Hours. 
sample NO. 2 k 5 SEM 1 7 8 0 ~  
Optical  Microscopy 
Microscopic examination of  samples reacted i n  methane-hydrogen 
mixtures revealed information about the  r o l e  of hydrogen i n  the  
react ions  of the  various mater ia ls  with methane. Figure 37 shows the 
microstructure of i r on  a f t e r  react ion with pure CH a t  7 5 0 ~ ~  for  20 4 
hours. Pea r l i t e  i s  evident throughout the sample. An i ron  sample 
exposed t o  a carburizing atmosphere such as  CH i n  the  temperature range 4 
723'~ t o  910'~ experiences di f fus ion of  carbon i n t o  the  f e r r i t e  l a t t i c e  
forming austeni te .  The aus ten i te  i s  capable of  dissolving from 0.8 t o  
2.0 weight per cent carbon, depending on temperature. Fe r r i t e ,  i n  
contras t ,  i s  capable of  dissolving only 0.023 weight per  cent carbon. 
Upon cooling, the aus ten i te  p rec ip i ta tes  f e r r i t e  and cementite (pear l i  t e  ) 
t o  maintain the  concentration of  the dissolved carbon a t  the  sa tu ra t ion  
l e v e l  of the  aus ten i te .  This reasoning can be followed by observing the 
iron-carbon phase diagram i n  Figure 38. 
The microstructure of  i r on  a f t e r  exposure t o  a 57 -CH mixture 0 ~ 2  4 
a t  750'~ fo r  20 hours i.s shown i n  Figure 39. This sample exhibited 
considerably l e s s  carburization than the  sample reacted i n  pure CH 4 ' 
From Figure 39 i t  i s  evident t ha t  the  p e a r l i t e  (dark regions) formed 
p re f e r en t i a l l y  a t  former aus ten i te  gra in  boundaries. Futhermore, i t  i s  
noteworthy t ha t  the p e a r l i t e  areas  a r e  near t he  surface of t he  specimen 
with only an i s o l a t e d  gra in  of p e a r l i t e  i n  t he  center .  This r e s u l t  i s  
i n  agreement with the  work of  Westerman (111, It was s t a t ed  e a r l i e r  
t ha t  samples reacted i n  carbon monoxi..de-hydrogen .mixtures experienced 
more surface a t tack than samples exposed t o  pure carbon monoxide. Since 
p e a r l i t e  contains 0.8% carbon and f e r r i t e  may contain only 0.023% 
Figure 37a. The Microstructure of  Pure I ron Reacted a t  7 5 0 ~ ~  i n  Pure 
CHl+ f o r  2 C  Hours. ( ~ i  t a1 ) Sample No. 229 150X 
f igure  37%. The Microstructure o f  Pure I ron  Reacted a t  750'~ i n  Pure 
CH4 f o r  20 Hours. ( ~ i  t a l  ) sample NO. 229 1 0 0 0 ~  

Figure 39. The Microstructure of Pure Iron Reacted a t  750'~ i n  5% H2 
f o r  20 Hours. (mi t a1 ) S a m p l e  N O .  263 150 
carbon, the  p e a r l i t e  regions of  the  sample i n  Figure 39 represent areas  
of maximum carbon contant ,  Thus, hydrogen promotes surface a t t ack  on 
i ron  i n  the  msthane atmospheres a s  wel l  as i n  the  carbon monoxide 
atmospheres. 
Figures 40 and 41 show the microstructures of cobalt and nickel  
200, respectively,  a f t e r  react ion a t  9 0 0 ~ ~  i n  pure CH f o r  20 hours. 4 
Both materials  exhibited surface carbur izat ion,  but t o  a l e s s e r  extent  
than the  i r o n  sample (Figure na) .  The cobalt  sample has a martensi t ic  
appearance which i s ac tua l ly  the  low temperature (HCP) s t ruc ture .  Cobalt 
undergoes a l a t t i c e  transformation from FCC t o  HCP upon cooling below 
4 0 0 ~ ~ .  
The microstructure of  316 s ta i .n less  s t e e l  a f t e r  react ion a t  9 0 0 ~ ~  
i n  pure CH,+ f o r  20 hours i s  shown i n  Figure 42. Extensive carburi-  
za t ion and surface carbon deposition a re  evident. Carbide networks 
( f igure  42b) a r e  p.rominent i n  the  gr&in b0undari.e~ and throughout t he  
grains.  
Thus, the react ion of methane with the various metals and a l loys  
i s  a combination o,f surface carbon-hydrocarbon deposit ion,  i n t e r n a l  
carburization,  and carbide formati on. As i n  carbon monoxide environ- 
ments, hydrogen i n  methane promotes surface a t t ack .  
Ammonia and Hydrogen Sulfide 
A t  su i t ab l e  temperatures, a l l  s t e e l s  are  capable of forming 
s t ab l e  i r on  n i t r i d e s  i n  t he  presence o f  nascent nitrogen.  Alloys con- 
ta ining one o r  more of the  p r inc ipa l  ni tr ide-formers such a s  chromium, 
vanadium, molybdenlxn, o r  alwninum show exceptionally good n i  tri ding 
Figure 40. The Microstructure of Pure Cobalt Reacted a t  9 0 0 ~ ~  i n  5
H2-CH4 for 20 Hours. ( ~ i t a l )  Sample No. 301 l l O X  
Figure 41. The i$ic~?ostructure o f  Nickel 200 Reacted a t  9 0 0 ~ ~  i n  5% H 
for 20 Hours. ( ~ c e t i c / , ~ i t r i c  ) Sample No. 305 f;;i4 
Figure 42a. The blicrostructure of 316 Sta inless  S tee l  Reacted a t  9 0 0 ~ ~  
i n  Pure CH4 f o r  20 Hours. (Glyceregia) Sample No. 280 l l O X  
Figure 42b. The Microstructure of 316 Sta inless  S tee l  Reacted a t  900'~ 
i n  h ~ r e  CH4 f o r  20 Hours. ( ~ l y c e r e ~ i a )  Sample No. 280 lOOOX 
charac te r i s t i cs .  Furthermore, the  elements copper, s i l i con ,  manganese, 
and nickel  appear t o  have l i t t l e  e f f ec t  on the  n i t r i d ing  process. 
Table 6 shows the  e f f ec t s  of ammonia pretreatment on t h e  reac- 
t i v i t i e s  of several  mater ia ls  subseql~ent ly  exposed t o  pure carbon mon- 
oxide. Iron,  302 SS, and 316 SS showed l e s s  r e a c t i v i t y  i n  pure CO 
a f t e r  pretreatment with ammonia compared t o  samples not pre t reated.  
Types 302 and 316 experienced about 50% reduction i n  r e a c t i v i t y  with 
pretreatment while i r on  showed about 80% reduction. These r e s u l t s  a r e  
consistent  with the  n i t r i d ing  theory t ha t  p red ic t s  t he  formation of 
stable n i t r i d e s  f r o m  i r on ,  chromium, and molybdenum a t  n i t r i d ing  
temperatures. The existence of n i t r fde s  re ta rds  ca t a ly t i c  a c t i v i t y  
fo r  the  promotion of t he  Boudouard and r e l a t ed  react ions .  Hence, 
carbon deposition can be expected t o  decrease. 
Nickel 200 and Inconel 600 showed more r e a c t i v i t y  with NH 
3 
pretreatment than without. It i s  proposed t ha t  hydrogen adsorbed by the  
nickel  served a s  a  reducing agent f o r  carbon monoxide decomposition. 
Other inves t iga tors  (21)  have shown tha t  nickel-containing mater ia ls  
with a  h i s t o ry  of contact with hydrogen show a  much grea te r  tendency t o  
decompose CO than n icke l  a l loys  with no such h i s to ry .  Since nickel  
n i t r i d e  i s  metastable, i t  i s  not expected t h a t  ni trogen s ign i f i c an t l y  
a f f ec t s  the r e a c t i v i t y  cha rac t e r i s t i c s  of n ickel .  Therefore, the 
increased r e a c t i v i t y  upon ammonia pretreatment may be a t t r i bu t ed  t o  
hydrogen adsorption following the  decomposition of ammonia t o  hydrogen 
and nitrogen . 
Additions of su l fu r  i n  the form of f r e e  su l fu r ,  bu ty l  mercaptan, 
or  carbon d i su l f ide  have been shown t o  e f f ec t i ve ly  i n h i b i t  carbon 
deposition on ferrous a l loys .  Table 7 shows t ha t  hydrogen su l f ide  i s  
a l so  capable of reducing carbon formation on i ron ,  cobal t ,  and type 416 
s t a i n l e s s  s t e e l .  Of these mate r ia l s ,  i r on  experienced the  most s ign i -  
f i c an t  reduction i n  r eac t i v i t y ,  73$, a f t e r  pretreatment with hydrogen 
su l f i de .  It i s  proposed t h a t  the  formation of su l f i de  layers  o r  
adsorbed s u l f i r  provided ba r r i e r s  t o  the  adsorption of carbon monoxide 
and prevented C O  decomposition t o  carbon dioxide and carbon. 
Eqer iments  with ammonia and hydrogen su l f ide  were of a pre- 
l iminary nature and merely es tabl ished the f e a s i b i l i t y  o f  i nh ib i t i ng  
the  metal dusting react ions  by pretreatment with NH o r  H2S. Research 3 
t o  determine the optimum inh ib i t i ve  conditions w i l l  be a valuable 
extension of  t h i s  work. 
Table 4. Summary of Results of React ivi ty  Studies fo r  a Number 
of Metals and Alloys i n  Pure and Mixed Atmospheres 
Mat e r i  a1 
Experimental Temperature of 
Atmosphere Temperature Range, OC Maximum Reactivity,  OC 
Inconel 600 @ 0 
Inconel 60C 57a2--co 
Inconel 600 ~ c ~ I . ~ H ~ - C O  
Inconel 6 0 ~  CH 
Inconel 600 
3C 
Table 5 .  Relative Reactivit ies of Metals and Alloys i n  Various Atmospheres 
M a x .  Max. M a x .  Max. M a x .  
Deposition Deposition DeposJ t d  on Deposi-tLm- Deposition 
Grams  Grams Grams Grams Grams 
CO Per C M ~  5$ &-CO Per CM2 10% Hp-CO Per CM2 CH4 Per C M ~  5$ &-CHL, Per & 
* Note: Data are absolute maximum reac t iv i t i es .  Before one material  i s  favored over another, temperature of use 
must be considered; e.g., 316 SS shows second highest absolute reac t iv i ty  i n  a 5% H2-CH4 atmosphere, but  
( re fe r r ing  t o  Fig. 27)  316 shows exceptionally low reac t iv i ty  below 7 5 0 ~ ~ .  
* 
Table 6. Reactivities of Samples Pretreated with NH 
Compared to Samples not Pretreated 3 
Material 
Deposition, GMS/C$ 
With Pretreatment Without Pretreatment 
Ni 200 .00084 .000047 
+ Subjected to atmosphere for 2 hours at 650'~ and subsequently 
reacted at 65008 for 2 0  hours in pure CO. 
++ 
Table 7. Reactlvi ties of Samples Pretreated with H2S 
Compared to Samples not Pretreated 
Material 
Deposition, GMS/C$ 
With Fretreatment; Without Pretreatment 
* Subjected to HzS atmosphere for 1 hour at 550'~ and subsequently 
reacted at 550'~ for 20 hours in pure CO. 
CHAPTER V 
CONCLUSIONS 
F'rom the research i t  was concl-uded t h a t :  
'1) Hydrogen i n  carbon monoxide increases  carbon deposit ion 
on Lron, cobal t ,  n icke l  200, AISI 416 s t a i n l e s s  s t e e l ,  and Inconnel 600 
conrpared to Fure carbon monoxide. The hydrogen promotes production of  
ca,tal,ytlc surfa,ce f o r  the react ion 
(21  Hydrogen i n  carbon monoxide promotes surface a t t a c k  
primari ly by conversion of the carbided base metal t o  t h e  metal c a t a l y s t  
i n  the  case o f  cobalt  and iron-base a l l o y s ,  and by adsorption on the  
c a t a l y t i c  surface i n  the case of  nickel-base a l l o y s .  Adsorption of 
nydrogen without carbide formation i s  probably a secondary mechanism 
f o r  t,he decomposition of carbon monoxide on cobal t  and iron-base a l l o y s .  
(3) Sign i f i can t  r e a c t i v i t y  of the  var ious  metals and a l l o y s  i n  
0 methane occurs only a t  temperatures above 650 C, the  minimum tempera- 
ture f o r  i n i t i a t i o n  of  the tliermal decomposition of  methane t o  carbon 
and hydrogen. 
(4) Hydrogen i n  methane does not a f f e c t  the r e a c t i v i t y  o f  
methane with iron-base a l l o y s  due t o  equil ibrium considerat ions of the  
thermal decom~osi t ion  react ion 
( 5 )  A t  650 '~  i n  pure CO, ammonia pretreatment decreases the  
r e a c t i v i t i e s  of i r on  and types 302 and 3.16 s t a i n l e s s  s t e e l s  by the  
formation of s tab le  n i t r i d e s ,  'but increases the  r eac t i v i  t i e s  of n icke l  
200 and Inconel ~ C O  by adsorption of hydrogen which subsequently promotes 
the  decomposition of  the  CO. 
(6) A t  55Fc i n  pure CO, hydrogen su l f ide  pretreatment decreases 
the  r e a c t i v i t i e s  of  i r on ,  co'balt,  and type 416 s t a in l e s s  s t e e l ,  
probably a s  a r e s u l t  of the formation of su l f ide  l ayers  and adsorbed 
su l fu r  which serve a s  barri .ers t o  the  adsorption of  CO. 
Since metal dust ing i s  not completely understood, i t s  i n v e s t i -  
ga t ion remains of  considerable i n t e r e s t  t o  indust ry .  Further s tud ies  
with mixed gases i n  conjunction with the  determination of  optimum 
techniques f o r  minimizing metal d .e ter iora t ion a r e  a reas  where the  
ex ten t  of research i s  s t i l l  v i r t u a l l y  unli.mi t ed .  I n  p a r t i c u l a r ,  t h i s  
s tudy revealed the  following p o s s i b i l i t i e s  f o r  add i t iona l  research: 
( 1 )  an inves t iga t ion  of  the  bas ic  rnechanisms by which hydrogen 
a l t e r s  the  c h a r a c t e r i s t i c s  of carbon deposit ion on various metals and 
a l loys  i n  CO and CH atmospheres 4 
( 2 )  a study t o  determine t h e  e f f e c t s  of r eac t ion  products on 
the metal dust ing phenomena 
(3) the  development of alloy:; which produce thermodynamically 
s t ab le  react ion products i.n CO and CI-I environments 4 
(4) the  determination of optimum condit ions f o r  i n h i b i t i n g  
metal de te r io ra t ion  with ammonia, hydrogen s u l f i d e ,  water ,  e t c  . 
( 5 )  an eva,luation of  the  meta l lurgica l  e f f e c t s  produced on 




Table 8. Wire Sample Characterist ics 
Material 
Wire 0, D. 
(inche s ) (cm. ) 
Wire Length* 
(em. 
T y p i  ca l  
- 
316 ss 0.0348 0.0884 36.1 0.320 
302 SS 0.025 0.064 50.2 0.310 
Nickel 200 0.025 0.064 50.2 0.305 
~ n c o n e l  600 0.025 0.064 50.2 0.315 
Cobalt 0.020 0.051 62.7 0.350 
Iron 0.020 0.051 62.7 0.340 
416 ss 0.038 83.8 0.335 
2 * Length t o  yield,  10 cm surface area.  
Table 9. Chemical ComposLtions of Wire Samples 
Elements 








10-14 0.08 2.00 ml 
max m x  
8-10 0.15 2.00 Bal 
max max 






* Includes cobalt 
Table 10. Gas Charac te r i s t i c s  
Material  Supplier  Description 
CO Matheson Co. 
Li nde Divi s i  on 






C .  P .  grade 
Spec ia l ty  gas 
Spec ia l ty  gas 
Ul t ra  high p u r i t y  
Spec ia l ty  gas  
APPENDIX B 
THE S C m I N G  ELECTRON MICROSCOPE 
Uses and Advantages 
Surface feazures which a r e  d i f f i c u l t  t o  examine by conventional 
op t i ca l  o r  electron microscope techniques a r e  i d e a l l y  su i ted  fo r  study 
with the  scanning e lect ron microscope. The instrument i s  a l so  usem1 
f o r  the  invest igat ion of f rac ture  surfaces and powder charac te r i s t i cs .  
Samples need not be metal l ic  since vapor depositing a t h i n  l ayer  of 
metal on non-metallic specimens prevents them from being charged by the  
e lect ron beam. Other than the  vapor depositing s tep  f o r  non-metallics, 
no sample preparation i s  required. Besides t he  ease o f  sample prep- 
a ra t ion ,  o ther  advantages of the  scanning e lect ron technique include 
good resolut ion (150 ), exceptional depth of focus (about 300 times 
t ha t  of an op t i ca l  microscope), rapid  instrument operation,  and ease 
of  image in te rpre ta t ion .  
Operation 
A specimen bombarded with high energy e lect rons  emits back- 
sca t te red  e lect rons ,  secondary e lect rons ,  and x-rays. Select ive  
analysis  of the  emitted p a r t i c l e s  provides usef'ul information about 
t h e  sample. The e lect ron microprobe, f o r  example, r e l i e s  on the  
charac te r i s t i c  x-ray flourescence of materials  f o r  i t s  elemental 
analysi s  . 
Secondary and backscat te red  e l ec t rons  provide information about 
su r faces ,  Wgh energy backscat te red  e l ec t rons  move from t h e  sample 
t o  t h e  c o l l e c t o r  i n  a  s t r a i g h t  l i n e .  The lower energy secondary 
e l ec t rons  follow a  curved pa th  t o  t h e  c o l l e c t o r  and r e v e a l  d e t a i l s  of  
ho les ,  c rev ices ,  e t c .  The e l e c t r o n  beam i s  acce le ra t ed  from 20 t o  25 
kv. Condenser and ob jec t ive  l e n s e s  focus the  beam on t h e  specimen 
su r face  from which e l ec t rons  a r e  emitited. Elec t rons  c o l l e c t e d  i n  t h e  
d e t e c t o r  comprise a  s i g n a l  which i s  ampl i f ied  and displayed on a  




Gun supply  
IX P-I  ens SUDDIY I 
scanning Detector 
coil 
Specimen Amplifier - -d n 
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